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PBEEACE 
This dissertatiai consists of a general introduction, a review of 
the literature, two separate manuscripts (SECTIONS I and II), a general 
summary, literature cited, and acknowledgements. The references cited 
in each manuscript are listed in "LITERATURE CITED" at the end of each 
manuscript while the references cited in the rest of the dissertation 
are listed in the "LITERATURE CITED" at the end of the dissertation. 
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GENERAL INTRODUCTION 
Bordetella avium is an aerobic, noofernentative, gram-negative rod 
(73, 77, 127, 130). This organism is the etiologic agent of turkey 
bordetellosis, an upper respiratory disease of poults vfliidi is 
characterized by oculonasal discharge, coijunctivitis, snicking or 
sneezing, reduced weight gain, and in severe cases, tracheal collapse 
and suffocation (9, 56, 120). Disease is frequently more severe in 
field outbreaks due to stress and infection by secondary pathogens (120, 
132). Turkey bordetellosis is a costly disease for the turkey industry 
with losses resulting from reduced weight gain and increased mortality 
caused by secondary infections. 
Like other Bordetella spp., B. avium exhibits a trcpism for the 
ciliated epithelium of the respiratory tract. The bacteria adhere 
specifically to the cilia and are present c»i the mucosa in microcolonies 
(10). Coloiization of the respiratory tract results in inflammation 
with loss of the ciliated epithelium and distortion of the mucosa and 
tracheal rings (9, 10). Because of the direct interaction of the 
bacterial surface with host cells, surface ccmponents of B. avium can 
play an inçortant role in colcxiization of the trachea and in the 
subsequent immune response. 
Surface aj^ndages of B. avium include peritrichous flagella (77) 
and fimbriae (pili)(69). Bordetella avium possesses a poorly 
characterized hemagglutinin which, alcmg with the fimbriae, might play a 
role in adhesion to the ciliated respiratory epithelium (14, 69). 
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Proteins present in the outer membrane have been examined by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (61). Some of the 
outer membrane proteins (CM's) of B. avium have been shown to induce 
specific antibodies during infection (11, 60). Western immunoblot 
analysis using tracheal washings and sera from experimentally infected 
turkeys has indicated that antibodies to at least eight OMPs are present 
locally in the trachea and systemically in the serum (60). Much of the 
reactivity in both sera and tracheal washings was directed to a major 
21,000-molecular-weight OMP. A potential role for the surface proteins 
in adherence was also indicated vAien a B. avium mutant with reduced 
adherence was shown not to express certain CMPs (61). 
Initial work has indicated the potential importance of the OMPs of 
B. avium in the pathogenesis of turkey bordetellosis. The purpose of 
this investigation was to further evaluate the B. avium OMPs. The OMPs 
were obtained by detergent extraction of total cell envelopes. The OMP 
profiles from numerous B. avium isolates from geografJiically diverse 
areas were examined by sodium dodecyl sulfate-polyacrylamide gel 
electrppSioresis. The B. avium OMPs were compared with profiles from 
other Bordetella spp. including numerous B. avium-like and B. 
bronchiseptica isolates from turkeys. The B. avium OMPs were evaluated 
for heat-modi fiability, noncovalent association with the underlying 
peptidoglycan layer, and cell-surface accessibility to radioiodination. 
The effect of growth caiditions on the e:^ressicxi of OMPs by B. avium 
was determined by varying incubation time and growth medium. Finally, 
the amino acid conposition and the amino-terminal amino acid sequence of 
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the major 21,000-molecular-weight OMP of B. avium was determined. It is 
hoped that an improved knowledge of the OMPs of B. avium will further 
the understanding of their role in pathogenicity. 
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LITERATURE REVIEW 
Classification 
Turkey bordetellosis (coryza) is a hi^ly contagious upper 
respiratory disease of poults characterized clinically by oculonasal 
discharge, sneezing, c^pnea, tracheal collapse, and reduced weight gain 
(9, 56, 120, 130). The disease has been reported in many countries, 
including Canada (42), Federal Republic of Germany (64), Australia (22), 
Israel (59), and the United States (130). The etiologic agent of turkey 
bordetellosis is a gram-negative bacterium first described as Bordetella 
bronchiseptica by Filion et al. in 1967 (42). The organism was 
subsecjuently designated B. bronchiseptica-like (64) and Alcaligenes 
faecalis (127) and was eventually classified in 1984 as a new species, 
B. avium (77). 
The genus Bordetella has recently been included in the family 
Alcaligenaceae with the genus Alcaligenes (37). Species of the genus 
Alcaligenes are found in soil, water, and in moist environments in 
hospitals, while members of the genus Bordetella colonize the 
re^iratory epithelium of mammals and birds. The genus Bordetella 
contains the four species : avium, pertussis, parapertussis, and 
brCTichiseptica (62). Bordetella avium has been isolated from at least 
10 avian species including turkeys and chickens (63) but is not known to 
infect mammalian hosts (62, 92). Bordetella pertussis is the etiologic 
agent of whocping cough, a severe upper respiratory disease of children. 
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while B. parapertussis generally causes a milder respiratory disease in 
humans (62). Bordetella parapertussis has been shown to cause mild 
respiratory disease in lambs (33). Bordetella branchiseptica is 
associated with respiratory diseases in many species including atrophic 
rhinitis in pigs, infectious tracheobronchitis (kennel cou^) in dogs, 
respiratory disease in cats and laboratory animals, and infrequently, a 
mild vAiocping cough-like disease and pneumonia in humans (62). 
Isolation of B. bronchiseptica is caranon from the u^Jer respiratory 
tract of turkeys but the bacteria appear nonpathogenic when poults are 
ej^rimentally infected (73, 77, 116). A seccxid, nonvirulent organism 
phenotypically similar to B. avium is also routinely isolated from the 
turkey respiratory tract (20, 73, 116). Jackwood et al. tenporarily 
designated this bacterium B. avium-like and suggested it may be a 
separate species (72). 
Isolates of B. avium make vp a homogeneous species ^ enotypically 
and genetically divergent from the other bordetellae (37, 77, 100). 
This bacterium is a strictly aerobic, ncaifermentative, small rod, with 
an average diameter of 0.4 to 0.5 um and an average length of 2 um (77). 
All isolates of B. avium are motile by peritrichous flagella (77, 127). 
The guanine + cytosine (G+C) ccxitent of the ENA. is 61.6 to 62.6 nol% 
(37, 77) and isolates contain various ccxijugative and nonconjugative 
plasmids which do not appear to be associated with virulence (71, 89, 
131). 
Bordetella avium grows best in vitro at 30% to 35% on commcai 
laboratory media including brain heart infusicxi, veal infusiai. 
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MacCorikey agar, and blood agar (12, 65, 116). Two chemically defined 
media for B. avium have been described (49, 89). When grown cm agar for 
24 h, type I B. avium oolcxiies are small (0.5 mm), smooth, cœvex, and 
translucent with entire edges (116). This colony type was observed to 
be stable in vitro by Jackwood et al. (73) but in another stu^ was 
shown to dissociate into a type II colony in about 10% of the isolates 
(65, 77). Type II colonies were larger, smooth, convex, and circular 
with entire edges. Recently, isolates of B. avium were observed to 
switch between smooth and rough colony types (70). Bacteria from both 
colcxiy types had identical biochemical characteristics, however, 
isolates with the rough colony type were nonmotile. 
Turkey Bordetellosis 
Uncoirplicated turkey bordetellosis is typically seen in poults 2 to 
6 weeks of age and is characterized by an abrupt onset, rapid spread, 
hi^ morbidity, and low mortality (120). The incubation period is 3 to 
7 days with a disease course of 2 to 5 weeks (16, 56, 120). Clinical 
signs include snicking or sneezing, mucus accumulation at the nares, 
swelling of the submaxillary region, excessive lacrimal secretion, mouth 
breathing, dyspnea, and in severe cases, suffocation and death. Disease 
under field conditions is often more severe with increased mortality 
rates possibly due to infecticxi by secondary pathogens (16, 27, 41, 59, 
120, 143, 144) and increased stress (12, 125, 132). Thou^ 
bordetellosis is mainly a problem in young turkeys, B. avium has been 
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associated with mild respiratory disease in turkey breeder flocks (76) 
and broiler flocks (21). 
Gross pathologic changes in turkeys with bordetellosis include a 
mild to severe conjunctivitis, rhinitis, and sinusitis with mucus 
accumulation in the nasal cavity, sinuses, and upper trachea (9, 56, 
120). Malformation of tracheal rings and softening of the tissue in the 
upper trachea mic^t be present and can lead to dorsoventral flattening 
of the trachea and tracheal collapse with suffocation in severe cases 
(9, 56, 144). Gross pathologic changes in uncomplicated bordetellosis 
are observed oily in the upper respiratory tract. 
Histologic lesions in the nasal cavity and the trachea consist of 
fibrincpurulent rhinitis and tracheitis with loss of ciliated 
epithelium, bacterial colonization, epithelial hyperplasia, depletion of 
mucus, and a diffuse mononuclear infiltration into the subepithelial 
tissues (9, 56). The changes are most severe in the cranial portion of 
the trachea where the loss of ciliated cells can progress until as much 
cis 95% of the normal epithelium is gcxie (10, 56, 119). Ciliated 
epithelium is replaced by ncxiciliated, immature cells and the mucosa is 
distorted into longitudinal folds (9). Bordetella avium colonizes the 
nasal cavity as early as cxie day after experimental inoculation (56). 
Colonization occurs in the upper trachea during the first week post-
inoculation followed by a rapid spread of the organism to the lower 
trachea and to the primary bronchi (9, 145). The noninvasive bacteria 
are closely associated with basal parts of cilia and lined up with the 
long axis of the cilia (8, 10). Pulmcxiary lesicais appear to be limited 
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to the primary bronchi (145) and include mild bronchitis with 
peribronchial lyn#iocytic hyperplasia (144). 
Virulence Factors 
Bacterial pathogenicity is a complex trait which is controlled ty 
many determinants. These virulence-associated determinants or factors 
allow bacterial pathogens to infect a host and cause disease by 
permitting bacteria to colœize the host, obtain nutrients, and resist 
the host's immune system. Pathogens esçjress virulence factors in vivo 
vAiich are involved in each of these steps. Other determinants may have 
no obvious role in bacterial colcxiization and maintenance within the 
host but are important in the pathogenesis of clinical signs and lesions 
seen in many diseases. 
Pathogenic microbes can face a variety of environments both inside 
and outside the host. Many bacteria have adapted to this life style by 
acquiring regulatory systems ccxitrolling the e^^ression of virulence 
factors (44, 93). Presumably, the ability to regulate certain gene 
products gives the bacterium a distinct survival advantage within a 
particular niche. Recent interest in the coordinate regulatory system 
of B. pertussis and other bacterial pathogens has led to a better 
understanding of the molecular mechanism involved in ccxitrol of 
expression of virulence factors. 
Coordinate regulaticxi of virulence factors has been shewn to occur 
in B. avium in the genes encoding the dermonecrotic toxin (49) and 
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certain outer membrane proteins (47). The virulence regulatory system 
of B. avium is not well understood but it appears to be similar to the 
coordinate system found in the human pathogen, B. pertussis. Because of 
the possible relationship between the two systems, a review of the 
coordinate regulatory system of B. pertussis might help in understanding 
virulence factor regulation in B. avium. 
Bordetella pertussis e3ç>resses a number of virulence factors 
including pertussis toxin, filamentous hemagglutinin, fimbriae, outer 
membrane proteins, adenylate cyclase, and hemolysin vAiich appear to be 
involved in the pathogenesis of whooping cou^ (97, 149). Two related 
forms of coordinate regulation of virulence factor expressicxi are 
observed in this organism, antigenic or phenotypic modulation and phase 
variation. A complete lack of egression of the majority of B. 
pertussis virulence factors is noted in the modulated state or avirulent 
phase. Antigenic mcxîulaticxi occurs when the bacterium is e^^sed to 
certain envircximental conditions such as increased concentraticxi of 
magnesium sulfate and nicotinic acid or decreased growth temperature 
(82). This fSienotypic change is rapidly reversible when normal growth 
requirements are restored. In a separate event, B. pertussis can 
undergo a reversible, metastable genetic change to an avirulent phase 
(134, 148). The frequency of the shift from virulent to avirulent 
phases differs between B. pertussis strains but is generally from 10"^ 
to 10-^. 
The bvg (for Bordetella virulence gene) or vir (for virulence) 
locus is required for coordinate regulation of e^^ression of the 
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majority of virulence factors in B. pertussis (4, 118, 133, 134). The 
locus contains two genes (bvgA and bvgS) which encode proteins 
homologous to a family of sensor-receiver, two-conponent regulatory 
systems found in other bacterial species (4, 81, 93, 121, 135). 
Investigators have recently proposed a model for the function of the 
regulatory system in which the BvgS protein acts fcy sensing or receiving 
environmental stimuli and transmitting information to the BvgA. protein 
vAiich is a positive regulator of transcription of the virulence-
associated genes (4, 121). The BvgS protein ap£3ears to function as a 
protein kinase and activates BvgA by piiosphorylation. According to the 
model, modulating signals would reversibly inhibit activation of 
virulence-associated gene transcription while removal of the 
environmental stimuli would allcw e}^ression of the virulence factors. 
The change to the avirulent ghase is due to a rare frameshift mutation 
in the bvg locus that removes the trans-activating signal (134). 
Reversion to the virulent phase is due to back mutation which restores 
the correct reading frame of the gene. It appears, however, that the 
regulatory system is more complex than this siiiplified model suggests 
and clarification awaits further research (79, 84, 118, 121). 
Antigenic modulation and phase Vciriaticxi are observed in B. 
bronchiseptica and B. parapertussis (40, 68, 85, 109) and both species 
have bvg loci that are nearly identical to the B. pertussis locus (58, 
95). Though examples of phase variation and antigenic modulation exist 
in B. avium (47, 49), the relationship of the coordinate regulatory 
system of B. avium to the bvg system in the other members of the genus 
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Bordetella has not been determined. The virulence factors of B. avium 
that have been characterized include adhesins, toxins, and outer 
membrane proteins. 
Adhesins 
Adhesins are bacterial surface structures or molecules vAiich mediate 
adhesion of bacteria to target cell surfaces by interacting specifically 
with receptors present <xi the eucaryotic cell membrane or glycocalyx 
(8). Bacterial adhesion is an essential early step in infection and is 
especially important for mucosal pathogens which must avoid being swept 
away by the mucosal surface protective mechanisms of the host (104). By 
maintaining bacteria on the mucosal surface in intimate contact with the 
epithelium, the adhesins also help to direct local cellular toxicity and 
function in invasion of host cells by intracellular pathogens. Because 
adhesion is a specific interacticxi, the presence of a bacterial adhesin 
and the correspcxiding receptor in a tissue or host is thought to be at 
least partially responsible for tissue trqpism and host specificity of 
many bacterial pathogens (138). 
Like other members of the genus Bordetella, B. avium esûiibits a 
trqpism for the ciliated respiratory epithelium (8, 9, 10, 92, 138, 
140). Two putative virulence factors which may contribute to adhesion 
of B. avium to the epithelium are fimbriae and a hemagglutinin. 
Fimbriae (pili) projecting frcxn the surface of B. avium have a diameter 
of 2.0 nm and range in length from 370 nm to 1500 nm (69). These 
filamentous structures are ccmposed of a polymer of a single protein 
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subunit with a reported molecular weight of 13,100. Purified fimbriae 
isolated from virulent B. avium adhered to the epithelium of turkey 
tracheal organ cultures and hyperimmune antiserum against the fimbriae 
blocked in vitro adherence of B. avium to the tracheal es^lants. Poults 
immunized with the purified fimbriae were protected from clinical signs 
of turkey bordetellosis and showed decreased colonization of the sinuses 
and trachea by B. avium (2). 
Mooi et al. (98) using Western immundblot analysis showed that 
antiserum raised against the serotype 2 fimbrial subunit of B. pertussis 
cross-reacted with three B. avium polypeptides with molecular weights of 
14,400, 17,000, and 24,000 (14.^, 17K, and 24K polypeptides), 
indicating the possible presence of different fimbrial subunits in B. 
avium. In contrast, an oligonucleotide probe derived from the serotype 
2 fimbrial gene did not hybridize to any B. avium ENA, suggesting that 
though there is antigenic relatedness, the gene for the serotype 2 
fimbriae is divergent fran the B. avium fimbrial gene. Antiserum 
prepared against the other major fimbrial type of B. pertussis, the 
serotype 3 fimbriae, did not cross-react with any B. avium proteins. 
Adhesins respœsible for agglutination of erythrocytes are termed 
hemagglutinins. If the receptor an. the surface of the target cell 
resembles the hemagglutinin receptor cxi the erythrocyte, the 
hemagglutinin may be involved in bacterial attachment to target cells 
during infection. Virulent isolates of B. avium have the ability to 
agglutinate guinea pig erythrocytes (14, 73). The hemagglutinin appears 
to be a nonfimbrial protein but further molecular characterization has 
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not been done (69, 128). Hemagglutinaticxi-negative mutants exhibited 
reduced adherence to turkey tracheal mucosa using an in vivo model while 
reversion of one mutant to hemagglutination-positive status resulted in 
the return of much of the ability to adhere (14). Though two 
hemagglutinins, the filamentous hemagglutinin and pertussis toxin, are 
primary adhesins of B. pertussis (138, 139), no evidence of either has 
been found in B. avium (3, 49). Recently, reduced-adherence B. avium 
mutants were shewn to be lacking a 46K protein produced by the wild-type 
strain (25, 26). The relationship of this protein to either the 
fimbriae or the hemagglutinin of B. avium has not been determined. 
Arp et al. (13) have indicated that the turkey tracheal mucosal 
receptor for the B. avium adhesin closely resembled and 
gangliosides. The most prcaninent canpcxient of the receptor appeared to 
be N-acetylneuramic acid. Glycoconjugates containing N-acetylneuramic 
acid also acted as receptors on swine nasal mucosa for B. brcxichiseptica 
(67) were not inportant as human cilia receptors for B. pertussis (141). 
Toxins 
The tracheal lesions observed in turkeys are consistent with the 
involvement of bacterial toxins in the pathogenesis of turkey 
bordetellosis (10). In additicxi, in vitro studies of B. avium have 
demonstrated cytotoxicity for the ciliated tracheal epithelium. When 
incubated with bacterial suspensions, infected turkey tracheal organ 
cultures shewed rapid changes including ciliostasis, hydropic 
degeneration and sloughing of the epithelial cells (55). This cytotoxic 
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activity correlated with in vivo bacterial virulence (54, 55, 92) and 
ability of the bacterial isolate to adhere to tracheal organ culture 
(91). In another stu^ using an in vivo model, cytopathologic changes 
occurred more slowly and closely mimicked the changes seen in turkeys 
with bordetellosis (10). The factor(s) respœsible for cytotoxicity has 
not been specifically identified but several toxins of B. avium have 
been described which could potentially ccxitribute to pathologic changes 
caused by the organism. 
The tracheal cytotoxin, first described in B. pertussis, is present 
in all Bordetella spp. and in B. avium-like organisms (49, 51 ). The 
toxin is an ahhydropeptidoglycan moiomer with a molecular mass of 921 
daltons that is released extracellularly by growing cells (34, 35, 50). 
The cytotoxin has been shown to cause ciliostasis and extrusion of 
ciliated cells in hamster tracheal organ cultures, mimicking the 
bacterial-induced changes seen in vivo (35, 50). The toxin also 
inhibited ENA synthesis in hamster tracheal epithelial cell culture. 
The inhibition might slow replacement of extruded ciliated cells in the 
trachea and be respcxisible for the extended clinical course observed in 
diseases caused by members of the genus Bordetella. Though tracheal 
cytotoxin has recently been purified to homogeneity (35), the toxin's 
effects on turkey tracheal epithelium have not been examined. 
Virulent B. avium isolates produce a cell-associated, 155K protein 
with biological activity similar to dermcxiecrotic or heat-labile toxin 
of other members of the genus Bordetella (49, 114). This toxin causes 
necrotic skin lesions in guinea pigs and turkeys injected intradermally 
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and is lethal for mice, guinea pigs, and turkey poults (49, 113, 114, 
115). However, incubaticsi of the toxin with turkey tracheal-ring organ 
cultures caused neither ciliostasis (115) nor reduction in tracheal 
epithelial cell metabolism (142). The role of B. avium dermwiecrotic 
toxin in pathogenesis of turkey bordetellosis is unknown. Gentry-Weeks 
and Curtiss have clcxied the dermcHiecrotic toxin gene of B. avium and 
e^^ressed the recombinant protein in Escherichia coli (46). This should 
allow direct coipariscxi of the B. avium toxin with the dermcxiecrotic 
toxins of other Bordetella spp. ' 
Two other toxins or factors have been described in B. avium, a 
heat-stable toxin and a histamine-sensitizing factor. The heat-stable 
toxin is loosely cell-associated or excreted into the medium (126). 
Crude preparations of heat-stable toxin are lethal to mice but cause 
cxily decreased thymus weights in turkey poults (126, 152). It appears 
that much of the toxin's biological activity is due to 
lipcpolysaccharide (83). A stu(^ by Simmons et al. (129) indicated 
virulent B. avium isolates produced a factor with histamine-sensitizing 
properties similar to the pertussis toxin of B. pertussis (147). 
Because pertussis toxin is not present in B. avium (3, 49) this 
histamine-sensitizing activity must be due to some other undefined 
factor present in the turkey pathogen. 
Outer membrane proteins 
The cell wall of gram-negative bacteria consists of three layers: 
the inner or cytoplasmic membrane, the mechanically rigid peptidoglycan 
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layer, and a highly specialized outer membrane which is con?)osed of 
protein, phospholipid, and lipopolysaccharide and which is closely 
associated with the peptidoglycan layer (90, 101). Proteins make up 
nearly half of the total nass of the outer membrane eind function as 
enzymes, receptors for bacteriophage, and adhesins (18, 90, 101, 105). 
Certain outer membrane proteins (CMPs) play an important role in 
membrane permeability allowing the passage of nutrients from the medium 
and preventing entry of toxic substances such as antibiotics into the 
cell. Other proteins function by stabilizing the outer membrane and 
attaching the membrane to the peptidoglycan. Because the bacterial 
surface comes in direct contact with host cells, proteins present in the 
outer membrane might play an inportant role in colonization and 
subsequent immunity. 
Characterization of CMPs requires e^qjerimental procedures for 
separation of proteins of interest from contaminating bacterial 
conpounds. Numerous methods for isolation of OMPs have been described 
and differ according to the bacterial species and the individual 
proteins being studied (90). Many isolation procedures take advantage 
of biochemical differences that exist between inner and outer membranes. 
A difference in membrane densities allows separation of the inner and 
outer membranes in cell envelope preparations by sucrose gradient 
ultracentrifugation (122). Treatment of isolated bacterial envelopes 
with the detergents, Triton X-100 (123) and sodium lauryl sarcosinate 
(Sarkosyl) (43) selectively solubilizes the cytoplasmic membrane while 
leaving the outer membrane and peptidoglycan relatively intact. Both 
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detergents have been successfully used for isolation and 
characterization of OMPs from many bacteria including B. pertussis (106, 
111, 117) and B. avium (8, 60, 61, 88). Outer membrane proteins have 
been extracted frcan the surfaces of intact bacteria with procedures 
using the detergent Zwittergent-3,14 (23, 99), lithium acetate (74), 
acid glycine (102), and sodium chloride-sodium citrate (136). Outer 
membrane vesicles or blebs ccaitaining proteins and lipopolysaccharide 
are shed into the culture medium ty certain gram-negative bacteria and 
can easily be separated from the whole cells for biochemical analysis 
(36, 107, 151). A limitation of this technique for examination of OMPs 
is that the vesicles frequently differ slightly in conposition from the 
outer membrane of intact cells (107, 151). 
Three classes of major OMPs present in many greim-negative bacteria 
are lipoproteins, OngA-like proteins, and porins. Lipoproteins have 
been described in several gram-negative species (31, 39, 52, 94) but the 
most extensively characterized lipoprotein is the murein lipoprotein of 
E. coli (28). This protein is a small, 7.2K molecule that exists in a 
large number of copies in the outer membrane (28, 101). Murein 
lipoprotein is covalently bound to the peptidoglycan layer of E. coli 
and is thought to functicxi by stabilizing the outer membrane. 
Another class of major proteins found in the outer membrane of many 
gram-negative bacteria ccxitains peptides that are phenotypically or 
genetically related to the OitpA protein of E. coli (90, 105). The OnpA 
protein is a transmembrane protein that is closely associated with the 
peptidoglycan layer and is heat-modifiable. The protein has a 
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nondenatured apparent molecular weight of 28,000 and a heat-modified 
molecular weight of 35,000. The OnçA protein, along with murein 
lipoprotein, appears to functicxi in maintaining the structural integrity 
of the cell wall. Similar OMPs have been identified in members of the 
family Enterobacteriaceae and a variety of other gram-negative bacteria 
(17, 24, 146). 
For ins are proteins that have molecular masses of from 30,000 to 
50,000 daltons and are generally organized in the outer membrane as 
trimers of three identical subunits (18). The proteins may be 
constitutively present on the outer membrane or they may be e^^ressed 
only under certain envircxunental ccxiditicxis. Porins have been separated 
into two classes based cxi solute permeability. General diffusion porins 
form relatively ncaispecific diffusion channels which sort solutes mainly 
based on size, usually excluding molecules with molecular masses of 
greater than approximately 650 daltons. All gram-negative bacteria 
examined have at least one type of general diffusion porin present in 
the outer membrane and some have a second type which is specific for 
only one or a few classes of solutes (18). Binding sites present in the 
channel of specific porins regulate permeability for a limited number of 
solutes. Examples of specific-purpose porins include LamB of E. coli 
(101) and protein P of Pseudcanonas aeruginosa (18, 19) vAiich selectively 
allow passage of maltose and phosphate, respectively. The 40K major 
outer membrane protein of B. pertussis is present in the membrane as a 
trimer and functiais as an anion-selective porin (7, 78). The porin 
protein appears to be constitutively ej^ressed in all isolates. 
20 
including phenotypically-modulated and avirulent-jAiase organisms. 
Similar molecular-weight major proteins have been present in the OMP 
profiles of each B. braichiseptica, B. parapertussis, and B. avium 
isolate examined (6, 40, 88). 
The outer membrane ccxitains, in additicxi to a few classes of major 
proteins, numerous minor protein species, some of which are present in 
crude OMP preparations in amounts below the level of routine detection 
methods (18, 90). The minor OMPs can have inportant functions such as 
iron acquisition (57) and vitamin uptake (75). Under certain growth 
conditions some minor OMPs sure induced and become abundant in the 
membrane (30, 45). 
The OMPs of B. pertussis, B. parapertussis, and B. bronchiseptica 
have been examined fcy sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE)(40, 108, 117) and by surface labeling 
techniques (6, 106, 107, 109, 111). The three species have typical 
gram-negative outer membranes with a small number of major proteins and 
numerous minor proteins. The CMPs from virulent isolates shew little 
variation within species and between serotypes (6, 40, 108, 117). 
Though certain proteins are shared by B. pertussis, B. bronchiseptica, 
and B. parapertussis, overall patterns are distinct between species. 
The OMP profiles of all three species contain proteins that appear to be 
coordinately-ccxitrolled and are present cxily in the virulent, 
ncximodulated bacteria (40, 109). The effects of phenotypic modulation 
and fiiase variation on OMP production have been examined extensively in 
B. pertussis and at least four proteins have been shewn to be lacking in 
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the outer membrane of avirulent-phase and antigenically-modulated cells 
(6, 40, 108, 117). Except for one protein, the 69K protein, the role of 
the virulence-associated OMPs of B. pertussis in pathogenicity has not 
been examined. 
A bvg-regulated 69K OMP of B. pertussis has been shown to be 
iiranunoprotective for mice (32, 124). Both B cell (53, 137) and T cell 
(38) respcxisiveness to the antigen have been demonstrated in humans with 
previous pertussis infectic»i. The protein is found in all virulent B. 
pertussis isolates and is ncxifiiribrial in nature (29). The 69K OMP is 
immunologically cross-reactive with B. bronchiseptica and B. 
parapertussis antigens with molecular masses of 68,000 and 70,000 
daltons, respectively (96). Antibo^ to the 68K protein passively 
protected mice fran virulent B. broichiseptica challenge (96) and in 
piglets from vaccinated sows the presence of antibo^ to the 68K OMP 
correlated with the degree of protection from atrophic rhinitis and 
pneumonia (80, 103). It has not been determined if B. avium has a 
similar OMP; however, Weiss et al. using monoclonal antibodies to the 
68K and 69K OMPs found no cross-reacting antigens in cxie virulent B. 
avium isolate (150). 
CharacterizaticMi of the 69K OMP has indicated it may function as an 
adhesin for B. pertussis (86, 87). Cloning and sequencing of the gene 
for the protein has revealed two arginine-glycine-aspartic acid (RGD) 
tripeptides (32). The RGD sequence is found in fibronectin and other 
eucaryotic extracellular matrix proteins and functions as a recognition 
site for the cell-surface integrin receptor super family (66). The 
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recxsgnition sequences in the 69K protein appear to be inportcint in 
bacterial attachment and invasicxi of tissue culture cells (86). Mimicry 
of host proteins to take advantage of preexisting receptors (xi the 
target cells is a commcxi theme for pathogens. Several pathogens contain 
proteins with BŒ) recognition sequences that are involved in cellular 
attachment (44), most notably, a loosely associated surface protein of 
B. pertussis, the filamentous hemagglutinin contains an RŒ) sequence 
which is involved in bacterial attachment to the integrin CR3 receptor 
of human macrofJiages (112). 
Initial examination of total cellular proteins (65), soluble 
proteins (77), and total cell-wall proteins (73) of virulent B. avium 
isolates by SDS-PAGE indicated no differences in protein profiles among 
strains belonging to different serotypes or isolated from diverse 
geographical areas. Similairly, examination of outer membrane-enriched 
fractions from numerous virulent isolates showed no major differences in 
electrcphoretic mobility of the OMPs (61, 88). Homogeneity of OMP 
profiles within a species appears to be characteristic of all Bordetella 
spp., but is not seen in all bacteria. In certain species of gram-
negative bacteria, the OMP profiles can differ according to serotypes 
and biotypes (1, 15, 110). 
Outer membrane protein profiles from virulent B. avium isolates 
cœtained major 2IK and 37K bands and at least 10 bands which stained 
less-intensely with molecular weights ranging from less than 14,000 to 
139,000 (88). Hellwig et al. compared profiles from virulent, adherent 
isolates with a reduced-adherence mutant and shewed decreased amounts of 
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several OMPs in the mutant (61). Growth at a reduced tenperature 
appeared to decrease or eliminate e;q>ression of many of the OMPs of B. 
avium. Spontaneous phase variants of a virulent B. avium strain have 
been isolated and found to lack the 20K, 38K, 50K, and 93K OMPs (47). 
The proteins that were not ejqiressed in the jiiase variants corresponded 
to those lacking in cells pSienotypically modulated by growth in the 
presence of nicotinic acid or magnesium sulfate. These results indicate 
control of e^^ression of certain OMPs of B. avium mi^t be similar to 
the bvg system found in the other members of the genus Bordetella. 
The local and systemic immune response to the OMPs of B. avium has 
been examined by Western immunoblot analysis using sera and tracheal 
washings from e^^rimentally infected turkeys. Bordetella avium OMPs 
with molecular wei^ts of from 18,000 to 25,000 were recognized by 
antibodies in sera from 3-week-old experimentally infected turkeys (11). 
In addition, both convalescent sera and tracheal washings recognized 50K 
and llOK OMPs. In another stucty using a different virulent B. avium 
isolate, reactivity of antibodies in sera with OMPs was observed at two 
weeks post infection and increased during the following two weeks (60). 
At four weeks post inoculation, ei^t OMPs ranging from less than 14K to 
lOOK were recognized by sera with much of the reactivity directed to the 
major 21K OMP. Immunoreactivity of tracheal washings was similar but 
less intense vAien compared with the sera. 
Information available on the OMPs of B. avium indicates their 
potential importance in pathogenesis of turkey bordetellosis. The work 
described herein was intended to further characterize the proteins in 
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the outer membrane of B. avium. The OMP profiles of numerous B. avium 
isolates and representative strains from other members of the genus 
Bordetella were oonpared by SDS-PAGB. The OMPs of B. avium were 
evaluated for heat-modifiability, association with the peptidoglycan 
layer, cell-surface exposure, and e^qiression under different growth 
conditions. Finally, the amino acid conpositicxi and the amino-terminal 
amino acid sec[uence of the 21K CMP of B. avium was determined. 
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SECTIŒÎ I. OUTER MEMBRANE PROTEINS OF BORDETEIIA AVIUM 
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SIMIAPY 
The outer membrane proteins of Bordetella avium were examined by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Sarkosyl-
insoliible outer membrane protein-enriched profiles from 50 virulent B. 
avium isolates were very similar, containing major 21,000- and 37,000-
molecular-weight proteins (21K and 37K proteins) and at least 13 less-
intense ly stained proteins with molecular weights ranging from 13,500 to 
143,000. Heat-modiflability of the outer membrane proteins of B. avium 
was examined by varying the solubilization tenperature prior to 
electrophoresis. Certain proteins, including the major 21K and 37K 
proteins, were heat-modi fiable and showed increased mobility at higher 
solubilizaticxi temperatures. The 21K, 27K, 31K, and 37K outer membrane 
proteins were noncovalently associated with the underlying peptidoglycan 
layer. It was necessary to treat cell envelopes with 2% sodium dodecyl 
sulfate and tenperatures in excess of 60% for 15 min to release the 
murein-associated proteins. Ejqx^sure of proteins on the cell surface of 
B. avium was assessed by labeling with ^25j followed by electrophoresis. 
As many as 13 baMs were present in profiles from labeled whole cells. 
Of the surface-labeled bands, eight correspcxided to bands in a 
radiolabeled outer membrane prepeiration. The outer membrane protein 
profile of B. avium was conpared to profiles from other Bordetella spp., 
including 20 B. avium-like organisms and 16 B. brcaichiseptica strains 
isolated from turkeys. The outer membrane protein profile of B. avium 
was distinctly different from that of the other bordetellae. The effect 
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of variations in the growth medium on the esqjression of outer membrane 
proteins of B. avium was examined. E}^ression of 22K, 2AR, and 56K 
proteins was decreased by additiai of either 20 nM MgSO^ or 500 ug of 
nicotinic acid per ml to media, conditiœis known to inhibit expression 
of certain outer membrane proteins in B. pertussis. 
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INTPODUCriCW 
Bordetella avium is the etiologic agent of turkey bordetellosis, a 
highly contagious upper respiratory disease of poults characterized ty 
oculonasal discharge, sneezing, «tyspnea, decreased weight gain, and 
tracheal collapse (5, 17, 41, 44). Unconplicated bordetellosis in 
turkeys generally results in hi^ morbidity and low mortality but 
disease under field conditions is often more severe with increased 
mortality possibly due to infection by secondary pathogens (41) and 
increased stress (45). Like other members of the genus Bordetella, B. 
avium erfiibits a trcpism for ciliated epithelium of the upper 
respiratory tract (5, 6). Colonization of the trachea results in 
inflammation with loss of epithelium and distortion of the mucosa and 
tracheal rings. Isolation of two other related bacteria is frequent 
from turkeys with upper respiratory disease. One group of bacteria 
identified as B. bronchiseptica appears nonpathogenic in experimentally 
infected birds (26). The other organism is phenotypically similar to B. 
avium but is avirulent and has been temporarily designated B. avium-like 
ty Jackwood et al. (25). 
Little is kncwn about the bacterial surface structures of B. avium 
and their involvement in pathogenesis of turkey bordetellosis. Surface 
aiçendages include peritrichous flagella and fimbriae (24, 27). 
Bordetella avium possesses a poorly characterized hemagglutinin vAiich, 
along with fimbriae, might play a role in adhesion to ciliated 
respiratory epithelial cells (8, 24). Outer membrane proteins (OMPs) 
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from a limited number of B. avium isolates have been examined by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (22). No 
apparent differences were observed in OMP profiles from virulent B. 
avium strains but a hemagglutinaticxi-negative isolate lacked certain 
high-molecular-weight OMPs. Sera and tracheal washings from 
e^^rimentally infected turkeys recognized at least eight OMPs as 
determined by Western immunoblot analysis (7, 21). Reactivity to a 
21,000-molecular-weight OMP (21K OMP) was especially intense with 
antibodies to this protein found in both sera and tracheal washings. 
Initial work has indicated the potential importance of B. avium 
OMPs in pathogenesis of turkey bordetellosis. In this stu(^, OMP 
profiles from numerous B. avium isolates were obtained by detergent 
extraction of cell envelopes and coitpared with profiles from other 
Bordetella sjp. including B. bronchiseptica and B. avium-like organisms 
isolated frcsn turkeys. The OMPs of B. avium were evaluated for heat-
modifiability, cell-surface accessibility to radioiodination, and 
noncovalent association with the underlying peptidoglycan layer. 
Finally, the effect of growth conditions on OMP expression by B. avium 
was determined by vcurying incubation time and growth media. 
(A preliminary report of these findings was presented at the 70th 
Annual Meeting of the Ccxiference of Research Workers in Animal Disease, 
Chicago, 1989, abstr. no. 69.) 
30 
MATERIALS AND METHODS 
Bacterial Strains 
Bacteria used for this stuc^ are listed in Table 1. In addition to 
the strains listed in Table 1, OMPs were examined from 41 B. avium, 18 
B. avium-like, and 16 B. bronchiseptica strains isolated from turkeys 
with upper respiratory disease in Iowa, California, North Carolina, 
Ohio, Minnesota, and Wisccxisin. Stock cultures of all strains were 
maintained at -80% during the course of this stu(^. 
Media and Growth Conditions 
Bordetella avium isolates were grown c*i brain heart infusion (BHI ; 
Difco Laboratories, Detroit, Mich. ) agar (BHIA) ccaitaining 1.5% agar 
(BiTek agar; Difco) for 24 h at 37% and passed to BHIA or BHI broth 
(BHIB). To evaluate the effect of incubation time on protein egression 
B. avium strain 75 was incubated at 37°c for 24, 36, or 48 h œ BHIA or 
in BHIB prior to isolation of OMPs. To further evaluate the effect of 
growth medium cxi expression of OMPs by B. avium, strain 75 was also 
grown in modified Stainer-Scholte broth (SSM) (42) as adapted for growth 
of B. avium by Gentry-Weeks et al. (16). Bacteria were transferred from 
BHIA and passaged twice in SSM or in SSM ccxitaining 500 ug of nicotinic 
acid (Sigma Chemical Co., St. Louis, Mo. ) per ml or lacking NaCl and 
supplemented with 20 irM MgSO^ (Fisher Scientific, Fair Lawn, N. J. ) at 
37°C for 24 h each and used for OMP isolation. All broth cultures 
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Table 1. Bacterial strains 
Strain Virulence^ Origin (reference) 
Bordetella avium 
75 
ATœ 35086 
838 
ATCC 31770 
NCD 
NCD-1 
+ 
+ 
+ 
4-/^ 
W 
197 
F9000336 
Bordetella avium-like 
023 
101 
Bordetella pertussis 
536 
537 
+ 
+ 
NTC 
NT 
NT 
Bordetella brcxichiseptica 
469 NT 
Bailey NT 
103 
Bordetella parapertussis 
504 NT 
L. H. Arp, Iowa (5) 
Type strain (27) 
L. H. Arp, Icwa (10) 
Vaccine strain, American 
Scientific Laboratories, 
Wis. (13) 
D. G. Simmons, N. C. (43) 
Avirulent strain derived 
from NCD, D. G. Simmons, 
N. C. (30) 
D. G. Simmons, N. C. (43) 
Y. M. Saif, Cftiio (26) 
R. P. Chin, Calif. 
Y. M. Saif, Œiio (26) 
Y. M. Saif, Ohio (26) 
Virulent, E. Tuomanen, 
N. Y. (37) 
Avirulent-ph^se variant of 
536, E. Tuomanen, N. Y. 
(37) 
Host species; human, 
E. Tuomanen, N. Y. 
Host species: swine, 
R. Ross, Iowa 
Host species: turkey, 
Y. M. Saif, Ohio (26) 
Virulent, E. Tuomanen, N. Y. 
^Virulence for turkey poults. 
Mildly virulent for turkeys (26). 
Virulence for turkey poults has not been tested. 
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were incubated in a shaking incubator at 210 rpm (model G25-KC; New 
Brunswick Scientific Co., Inc., Edison, N. J.). 
Strains used for conparisai of OMP profiles among different 
Bordetella spp. were passaged twice an Bordet-Gengou agar (Difco) 
containing 15% defribinated sheep blood and 1% glycerol (EGA.) at 37%. 
Bordetella pertussis strains were grown for 72 h, B. parapertussis and 
B. bronchiseptica isolates were grown for 48 h, and B. avium and B. 
avium-like strains were grown for 36 h on BGA. 
All bacteria were harvested from plates in 10 nM HEPES (N-2-
hydroxyethylpiperazine-^'-2-ethane sulfonic acid; 7.4) buffer (Sigma) 
or from broth and collected by centrifugation at 10,000 x g. The 
bacteria were washed once with 10 nM HEPES (pH 7.4) buffer and 
approximately 1.5 gm (wet weight) of cells were resuspended in 15 ml of 
buffer and stored at -80%. All cells were used within two weeks for 
isolation of OMPs or peptidoglycan-associated proteins. 
OMP Preparation 
The OMP-enriched fracticais were prepared by a modification of the 
procedure of Hellwig and Arp (21). Briefly, the cells were thawed and 
the protease inhibitor phenylmethylsulf(%yl fluoride (PMSF; Sigma) was 
added to a final ccxicentration of 0.1 nM. The cells were disrupted by a 
sonicator (model 350; Branson Scxiic Power Co., Daribury, Conn.) for 10, 
erne minute bursts (50% cycle, power setting 7) tAiile cooling in an ice 
water bath. Whole cells and large debris were removed by centrifugation 
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at 5,000 X £ for 20 min and the total membrane fraction was harvested 
from the supernatant ty centrifugation at 100,000 x £ for 60 min at 4°c. 
The membrane fraction was suspended in 1% (wt/vol) Sarkosyl (sodium 
lauryl sarcosine; International Biotechnologies, Inc., New Haven, Conn.) 
in 10 nM HEPES (fiJ 7.4) buffer containing 0.1 nM PMSP for 30 min at room 
tenperature. The detergent-insoluble material containing the OMP-
enriched fracticxi was harvested by centrifugation at 100,000 x £ for 60 
min at 4%. The final insoluble pellet was suspended in deionized water 
to a concentration of 1.0 to 8.0 mg of protein per ml and stored at 
-80%. Protein ccxicentratiois were determined by the bicinchoninic acid 
assay (36; Pierce Chemical Company, Rockford, 111.) using bovine serum 
albumin as a standard. 
Radioiodinat ion 
Whole cells and OMPs from B. avium 75 were radiolabeled with ^ ^^l 
essentially as described ty Richardson and Parker (38). Bacteria to be 
radiolabeled were grown cxi BHIA or in BHIB for 36 h at 37%. Whole 
cells for surface radioiodinaticxi were washed twice with phosphate-
buffered saline (PBS; 0.0132 M phosg^iate, 0.15 M NaCl; jSi 7.3) and 
resuspended to 0.1 gm (wet weight) per ml of PBS. The CMPs were 
isolated from bacteria grown cxi BHIA or in BHIB as described above and 
diluted to 50 ug of protein concentration per ml of PBS. lodo-beads 
(four beads per whole cell reaction and two beads per OMP reaction) were 
used as the catalyst for radioiodination. The lodo-beads were rinsed 
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according to the procedure from the supplier (Pierce) and added to 
polypropylene tvibes ccxitaining 1 irCi of Na^^^l (Amersham Corp., 
Arlington Heights, 111.)» After the beads were incubated at room 
temperature for 5 min, 1 ml of whole cell or OMP suspensions was added 
to each tube and radioiodination was allowed to proceed for 5 min. The 
reaction was stopped by removal of the whole cell and OMP suspensions 
from the lodo-beads and unreacted removed from vftiole cells by 
centrifugation (38) and from OMP preparaticans using a desalting column 
(Econopac-Pac lODG; Bio Rad Laboratories, Richmond, Calif.). 
SDS-PAGE 
A modified Laemmli (29) procedure was used to separate proteins on 
discontinuous gels consisting of 4% stacking gels and 6 to 20% gradient 
resolving gels. ElectrcjAioresis was carried out on a vertical slab 
apparatus (Bio-Rad) following the procedure in the suppliers catalog. 
Proteins were solubilized in sample buffer containing 2% SDS, 5% 2-
mercaptoethanol (2-ME), 20% glycerol, 0.001% bromophenol blue, and 
0.0625 M Tris (jiJ 6.8) at 100®C for 5 min unless otherwise stated. The 
effect of the reducing agent was examined by conparing migration of 
proteins solubilized in the above sanple buffer with those solubilized 
in an identical buffer without 2-ME. Each lane was loaded with either 5 
to 20 ug of protein or ca. 40,000 cpm. After electrcgdioresis, gels were 
either stained with Coomassie brilliant blue R250 for visualization of 
protein bands or were fixed with 40% methanol-10% acetic acid, dried 
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onto Whatman 3MM paper, and e^qxDsed to X-ray film (X-OMA.T AR; Eastman 
Kodak Co., Rochester, N. Y. ) • The following proteins were used as 
molecular size standards (Life Technologies, Inc., Gaithersburg, Md.); 
lysozyme (14,300), B-lactogl6bulin (18,400), carbonic anhydrase 
(29,000), ovalbumin (43,000), bovine serum albumin (68,000), 
phosphorylase B (97,400), and myosin (H-chain)(200,000). Apparent 
molecular weights were determined by conparison with the protein 
standards according to standard procedures (19). 
Peptidoglycan-associated proteins were isolated as described by 
Armstrong and Pcirker (2). A total cell membrane pellet obtained from 
2.5 gm (wet weight) of whole cells was suspended in 15 itM Tris (pH 8.0) 
buffer containing 2% SDS and equal fractions were heated at 37%, 50°C, 
60°C, 80°C, or 100°C for 15 min. The insoluble material consisting of 
crude peptidoglycan and associated complexes was pelleted isy 
centrifugation at 100,000 x g for 1 h at 20°C. Each pellet was washed 
twice in 10 itM HEPES (jtfi 7.4) buffer containing 0.1 itM PMSF and was 
suspended in 0.5 ml of deionized water. The samples (10 ul per lane) 
were treated by heating in SDS-PAGE sample buffer at 100% for 5 miin and 
the solubilized proteins were separated by SDS-PAGE as described 
previously. 
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RESULTS 
SDS-PAGE of Sarkosyl-insoluble Proteins of B. avium 
Sarkosyl-insoluble OMP fractions from 50 B. avium isolates grown on 
BHIA for 36 h were conpared by SDS-PAGE. Two bands representing the 21K 
and 37K OMPs were the most prominent bands in all isolates. At least 11 
less-intensely stained bands (13.5K, 15K, 18K, 23K, 27K, 31K, 54K, 73K, 
80K, 83K, and 143K) were apparent in the CMP profile from strain 75 
(Figure 1, lane B). No differences in the relative concentration or 
mobility of the major 21K and 37K bands were observed between strains 
and little variation was noted in the less-intensely stained bands 
(Figure 1). Two less-intensely stained bands, the 41K and 43K bands, 
were not apparent in the strain 75 profile but were observed in certain 
isolates. Similar ŒP profiles were observed in strain NCD and its 
avirulent derivative NCD-1 (Figure 1, lanes F and G). In addition to 
the strains shown in Figure 1, 23 other B. avium isolates were examined 
and all had identical or nearly identical OMP profiles (data not shown). 
Because strains initially used for isolation of OMPs in our 
laboratory had been obtained from infected birds at least six years 
previously, we included 19 isolates from field outbreaks of upper 
respiratory disease in turkeys during 1989 and 1990 to determine if B. 
avium cwp profiles had changed from earlier isolates. No differences in 
the OMP profiles were noted between the two groups of isolates. The 
Figure 1. SDS-PAGE analysis of OMPs from the following B. avium 
isolates grcwn on BHIA for 36 h at 37%: lane B, isolate 75; 
lane C, isolate 838; lane D, type strain ATCC 35086; lane E, 
vaccine strain ATCC 31770; lane F, isolate NCD; lane G, 
isolate NCD-1, an avirulent derivative of NCD; lane H, 
isolate W; lane I, isolate 197; lane J, isolate F9000336. 
Lane A, molecular size standards as described in the text. 
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profile from strain F9000336 is representative of QMPs obtained from 
recent field isolates (Figure 1, lane J). 
Heat-modifiable CMPs of B. avium 
Heat-modifiability of B. avium strain 75 Sarkosyl-insoluble 
proteins was examined by varying the tenperature and time of 
solubilization in SDS-PAGE saitple buffer containing 2-ME prior to 
electrophoresis. The majority of the ŒPs were not solubilized in 
sairple buffer incubated at room tenperature and 37% as indicated by the 
relatively low amount of protein observed in the resolving gel in lanes 
B and C of Figure 2. Increased protein staining was noted in the high-
molecular-weight region of the gel at solubilization temperatures of 
60°c and 80°C (Figure 2, lane's D and E). The major 21K and 37K bands 
were first visible in the gel when sanples were solubilized at 80°C and 
60°C, respectively. The major bands increased in intensity with 
temperatures up to 100°C but incubation for 30 min at 100°C in sairple 
buffer prior to electrophoresis had no apparent effect on the intensity 
of either band. The minor 27K and 31K bands were not apparent below the 
100% solubilization temperature and increased in intensity when the 
solubilization time was lengthened to 30 min (indicated ty arrows in 
Figure 2). A 75K band was observed at a solubilization temperature of 
80% but was not present at other temperatures. Omission of the 
reducing agent 2-ME from the SDS-PAGE sample buffer appeared to have no 
effect on OMP maobility (data not shown). 
Figure 2. SDS-PAGE of OMP-enriched fractions from B. avium 75 
solubilized at different tenperatures and for different times 
in saitple buffer (described in text) prior to 
electrophoresis. Solubilization conditions; lane B, room 
temperature for 5 min; lane C, 37% for 5 min; lane D, 60% 
for 5 min; lane E, 80% for 5 min; lane F, 100% for 5 min; 
lane G, 100% for 30 min. Ten micrograms of protein was 
applied to each lane. Arrows indicate the heat-modifiable 
27K and 31K CMPs. Lane A, molecular size standards as 
described in the text. 
B C D E F G 
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Peptidoglycan-associated Proteins 
Nbncovalent association of certain OMPs with the underlying 
peptidcglycan layer can affect heat-modiflability of these proteins. 
Total cell envelope fractions from B. avium 75 grown on BHIA for 36 h 
were incubated in 2% SDS at 37%, 50°C, 60%, 80% or 100% for 15 min 
to release proteins that were noncovalently associated with the crude 
peptidoglycan. The 21K, 27K, and 31K proteins were associated with the 
peptidoglycan at lower tenperatures but were totally dissociated from 
the crude murein layer when treated in SDS at tenperatures in excess of 
60% (Figure 3, lane F). The majority of the 37K murein-associated 
protein, corresponding to the major 37K OMP, was relèàsed from the 
peptidoglycan by incubation at 80% and was totally solubilized by 
treatment in SDS at 100% prior to SDS-PAGE (Figure 3, lanes F and G). 
Other OMPs were not as closely associated with the peptidoglycan and 
were released from the crude peptidoglycan fraction hy incubation at 
room tenperature. 
SDS-PAGE of Radiolabeled Proteins 
Examination of radioiodinated (MPs from B. avium strain 75 by SDS-
PAGE routinely shewed nine bands that corresponded to the 13.5K, 15K, 
18K, 21K, 27K, 31K, 37K, 54K, and 80K OMP bands seen in Coomassie blue-
stained gel (Figure 4, lanes B and D). The only consistent difference 
between radiolabeled OMPs from cells grown on BHIA and BHIB was the 
increased intensity of the Icwer-molecular-weight bands from cells grown 
Figure 3. SDS-PAGE analysis of peptidoglycan-associated proteins. Cell 
envelope preparations from B. avium 75 were treated at 
different temperatures in 2% SDS for 15 min. The insoluble 
material containing peptidoglycan and associated protein was 
incubated in SDS-PAGE sanple buffer at 100°C for 5 min before 
electrophoresis. Lane B, cell envelope fraction with no SDS 
treatment before SDS-PAGE. Cell envelope fractions treated 
with SDS at 37°C, 50°C, 60°C, 80°C, and 100% prior to SDS-
PAGE (lanes C through G, respectively). Lane H, Sarkosyl-
insoluble CMP preparation. Lcuie A, molecular size standards 
as described in the text. 
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Figure 4. SDS-PAGE analysis of radioiodinated whole cells and outer 
membranes of B. avium 75. Sanples were radioiodinated with 
lodo-beads as the catalyst and subjected to electrophoresis 
after solubilization in saitple buffer at 100% for 5 min. 
After electrophoresis the gel was exposed to X-ray film. 
Lanes A and C, ^ ^^I-labeled whole cells grown on BHIA and 
BHIB, respectively. Lanes B and D, labeled Sarkosyl-
insoluble extracts of cell envelopes from cells grown on BHIA 
and BHIB, respectively. Asterisks indicate bands observed in 
surface-labeled whole cells but not in labeled outer membrane 
preparations. The arrow indicates the major 37K CMP. The 
positions of the molecular size standards are indicated on 
the left. 
A  B  
200-
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on BHIB. The same bands from BHIB-grown cells were observed to be more 
prominent in the Coomassie blue-stained gel which indicated the 
increased intensity of the lower-molecular-weight radiolabeled bands was 
probably due to an increased amount of protein (Figure 5). If the X-ray 
film was overexposed, the 41K, 43K, and 143K CMP bands could also be 
observed in the radiolabeled OMP preparation (data not shown). The most 
prominent surface-radiolabeled band of whole cells grown on both BHIA 
and BHIB corresponded to the 37K major OMP (indicated ty an arrow in 
Figure 4). In contrast, the major 21K OMP was poorly surface-labeled in 
whole cells grown in both media (Figure 4, lanes A and C). Surface-
labeled bands that corresponded to other OMPs included the 13.5K, 15K, 
18K, 41K, 43K, and 54K bands while the 27K and 3IK CMP bands comigrated 
with two areas of diffuse bands from the labeled whole cells. Bands 
present in surface-labeled whole cells that did not correspond to OMPs 
included the 14K, 22K, 39K, 64K, and 79K bands (indicated by asterisks 
in Figure 4). Profiles of surface-labeled proteins were conparable 
between cells grown on both media with one exception, a 79K band was 
observed only in cells grown on BHIA. 
Effect of Growth Conditions on E^qpression of B. avium OMPs 
The CMPs isolated from B. avium strain 75 grown on various media 
were conpared to determine the effect of different growth conditions on 
ŒP expression (Figure 5). The major 21K and 37K OMPs were the most 
prominent bands observed and were present in relatively the same 
Figure 5. SDS-PAGOS profiles of Sarkosyl-insoluble OMPs isolated from B. 
avium 75 grcwn for 36 h at 37% oti the following media; lane 
B, BHIA; lane C, HilB; lane D, EGA; lane E, SSI4; lane F, SSM 
containing 20 itM MgSO^. lane G, SSVI containing 500 ug of 
nicotinic acid per ml. Ten micrograms of protein was applied 
to each lane. Asterisks indicate OMPs which appear to differ 
in intensity due to grown in different media. Arrows show 
the 22K, 24K, and 56K proteins which are apparent in cells 
grown on EGA and SSM but not in SSM supplemented with MgSO^ 
or nicotinic acid. Lane A, molecular size standards shown in 
kilodaltons are described in text. 
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cxjncentration in profiles from cells grown in all media. At least seven 
minor bands were observed to differ in intensity due to growth in 
various media (indicated by asterisks in Figure 5). In addition, 22K 
and 56K bands were prominent in the OMP profile from cells grown on BGA 
(Figure 5, lane D). The 22K and 56K proteins were present but less 
intense in OMP profiles from cells grown in SSM and were not apparent in 
profiles from cells grown in SSM containing nicotinic acid or magnesium 
sulfate (Figure 5, lanes E to G). The 24K band was present as a minor 
band in profiles from cells grown on BGA and SSM but was not observed in 
profiles, from cells grown in SSI with nicotinic acid or magnesium 
sulfate. No other observable differences in Sarkosyl-insoluble protein 
profiles were noted between cells grown in SSM and in modified SSM. 
The effect of incubation time OMP expression was examined using 
B. avium 75. Sarkosyl-insoluble protein profiles from cells grown on 
BHIA and in BHIB for 24 h, 36 h, and 48 h shewed no apparent differences 
due to incubation time (data not shown). 
Conparison of Sarkosyl-insoluble Protein Profiles from Bordetella sfp. 
Sarkosyl-insoluble proteins of Bordetella spp., including B. avium-
like and B. bronchiseptica isolates from turkeys with upper respiratory 
disease, were coirpared to OMPs of B. avium by SDS-PAGE. All strains 
were passaged twice on BGA prior to isolation of ŒPs. A single major 
band ranging from 36K to 40K was observed in CMP profiles isolated from 
each species (Figure 6). A second major CMP band with similar mobility 
Figure 6. SDS-PAGE analysis of Sarkosyl-insoluble CMPs from Bordetella 
spp. grown on BGA. Lane B, B. avium 75; lane C, B. avium-
like 023; lane D, B. avium-like 101; lane E, B. 
bronchiseptica 103; lane F, B. bronchiseptica 469; lane G, B. 
bronchiseptica Bailey; lane H, B. pertussis 536; lane I, B. 
pertussis 537, lane J, B. parapertussis 504. Lane A, 
molecular size standards as described in the text. 
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as the 2IK band of B. avium was present in each lane. A minor 18K band 
was present in all species but conparison of the remaining bands in the 
B. avium OMP profile with bands from other species showed few 
similarities. 
The 20 B. avium-like isolates examined could be separated into two 
groups based on different OMP profiles. The first group contained nine 
isolates with a major 38K band and was represented by strain 023, while 
the remaining isolates formed a second group with a major 36K band and 
were represented by B. aviumr-like 101 (Figure 6, lanes C and D). 
Despite the difference in the 36K and 38K bands, the majority of the 
minor bands and the major 21K band from the two groups had identical 
mobility. No differences in colonial morphology and standard laboratory 
tests used to identify the organism were seen between the two groups of 
B. avium-like isolates (data not shown). Though certain bands in B. 
avium-like strains 023 and 101 and B. avium 75 OMP profiles had similar 
or identical mobility, the profiles were distinctly different (Figure 
6 ) .  
The OMP profiles of B. pertussis, B. parapertussis, and B. 
bronchiseptica strains resembled those that have been previously 
described (3, 14, 39). The B. bronchiseptica isolates from turkeys 
formed an extremely homogeneous group based on Sarkosyl-insoluble OMPs 
of which the profile of strain 103 is representative (Figure 6, lane E). 
The B. bronchiseptica 103 profile was clearly different from B. avium 
and B. avium-like profiles but possessed certain major OMP bands that 
comigrated with bands in profiles from B. bronchi sept ica strains Bailey 
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and 469 and B. pertussis 536 (Figure 6). As with the other Bordetella 
spp., strain 103 had major bands in the 21K and 38K range. Major 30K, 
32K, 91K, and lOOK bands were present in both strain 103 and B. 
pertussis 536. Certain other bands were seen in common between profiles 
from strain 103 and the B. bronchiseptica, B. pertussis, and B. 
parapertussis isolates in Figure 6. In contrast, a major 174K band in 
the strain 103 profile appeared to be unique among the bordetellae. 
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DISCUSSION 
The QMP-enriched fractions from B. avium isolates show strikingly 
similar profiles ly SDS-PAGE. This result is in agreement with previous 
studies involving total cellular proteins (23), soluble cell proteins 
(27), cell envelope proteins (26), and OMPs from a limited number of B. 
avium strains (22) which have indicated little difference in protein 
profiles between isolates. Homogeneity of OMP profiles within a species 
appears to be characteristic of members of the genus Bordetella (33, 35, 
39). In certain gram-negative bacteria, OMP profiles differ according 
to serotypes or biotypes (9, 34) laat homogeneity of cell envelope 
proteins is seen in B. pertussis, even in strains from different 
serotypes (3). Serotypes have been shown to exist in B. avium (27), 
unfortunately, little is known about them and a serotyping scheme is not 
available. By including numerous isolates from geographically diverse 
areas it is hoped that a representative cross-section of B. avium 
strains has been examined. 
The CMP profile of B. avium appears typical of gram-negative 
bacteria with a limited number of major bands and numerous minor or 
less-intensely stained bands (11, 31). The major 21K and 37K aws had 
identical electrophoretic mobility in all isolates examined. Major OMP 
bands with conparable mobilities were present in other Bordetella 
species; however, other similarities with B. avium OMP profiles were 
limited. This result was not unexpected since B. avium has been shown 
to be relatively distinct genetically and phenotypically from B. 
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pertussis, B. parapertussis, and B. bronchiseptica (27). The turkey 
isolates of B. bronchiseptica had C^IP profiles that were different from 
B. avium profiles. The OMP profile of B. bronchiseptica 103 appeared 
most similar to the B. pertussis 536 profile but certain bands in the 
turkey isolate were distinctly different from all Bordetella spp. 
Initial comparison of Triton X-lOO-insoluble ŒP profiles of B. 
avium with a B. avium-like isolate showed numerous differences (22). In 
this stu(%r, we demonstrated that Sarkosyl-insoluble protein profiles 
were distinct between the two groups of organisms. These differences in 
CM* profiles support the proposal by Jackwood et al. that B. avium and 
B. avium-like isolates might be different species (25). However, more 
phenotypic and genetic analysis is needed to determine the taxonomic 
relationship of the two organisms. Two ŒP profile types were observed 
in B. avium-like organisms. Bordetella aviumrlike isolates have been 
shewn to revert between two colony types during in vitro growth (12, 
26); however, colony type did not appear to correlate with the OMP 
pattern (data not shewn). 
Heat-modi fiable proteins were observed in ŒP profiles from B. 
avium. OMPs that vary in apparent molecular weight due to changes in 
solubilization tenperature prior to SDS-PAGE are found in many bacteria 
including Escherichia coli (32), Pseudomonas aeruginosa (20), Vibrio 
cholerae (38), Actinobacillus pleuropneumoniae (34), and B. pertussis 
(2, 33). The major 21K and 37K bands and certain minor bands were 
observed to decrease in apparent molecular weight as solubilization 
tenperatures increased. Incubation at temperatures in excess of 70°C is 
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frequently required to dissociate protein-protein coirplexes found in the 
outer membrane and allow migration of solubilized proteins at a lower 
molecular weight (31). The noncovalent association of the 21K and 37K 
OMPs with the peptidoglycan might also affect the heat-modiflability of 
these major proteins. The 27K and 3IK bands were not observed until the 
OMP preparation was solubilized in sanple buffer at 100% and increased 
in intensity when the solubilization time at 100% was lengthened from 5 
min to 30 min. It is possible that strong intramolecular or 
intermolecular associations of these OMPs inhibits conversion to the 
heat-modified form, requiring extended solubilization times at high 
tenperatures (31). As observed for the major 21K and 37K OMPs, the 27K 
and 31K proteins were peptidoglycan-associated, requiring temperatures 
of greater than 60®C in 2% SDS to be released from the murein. Certain 
ŒPs of B. pertussis have been demonstrated to migrate as higher-
molecular-weight species at higher solubilization temperatures (2, 33) 
but proteins with similar characteristics were not seen in B. avium. 
Surface-exposed proteins of B. avium were identified by 
radiolabeling whole cells with The most prominent bands in the 
labeled whole cells had molecular weights ranging from 37,000 to 64,000 
in bacteria grown on BHIB and from 37,000 to 79,000 in BHIA-grown cells. 
A band corresponding to the major 37K OMP routinely was the predominant 
surface-labeled protein in all preparations. This is not surprising 
since large amounts of the 37K protein in Sarkosyl-insoluble 
preparations indicate that the protein is most likely a prevalent 
component of the outer membrane. In contrast, the major 21K protein was 
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poorly radiolabeled in both whole cell preparations. This might 
indicate that the 2IK protein is not present on the cell surface or that 
the protein contains no exposed tyrosine residues. Amino acid analysis 
has shewn that the 21K protein contains tyrosine residues but it is 
possible that these amino acids are buried and not accessible to 
radioiodination (as described in Section II). Sarkosyl extraction of 
the total envelope fraction may expose the tyrosine residues of the 21K 
protein because the protein is strongly labeled in the OMP-enriched 
fractions. The majority of bands from the radiolabeled whole cells 
corresponded to bands in the labeled OylP preparations with the exception, 
of five bands (indicated by asterisks in Figure 4). The five bands may 
represent proteins in the outer membrane which are solubilized during 
Sarkosyl extraction and therefore are not present in the OMP profiles. 
The bands, especially the minor bands, could correspond to proteins 
which are secreted by the whole cells or are exposed to radioiodination 
due to release by any lysed cells in the whole cell preparations (38). 
Conparison of OMP profiles from strain 75 grown œ different media 
indicated that ejqjression of the major 21K and 37K CMPs is constitutive, 
at least on the media examined. It is not known if the 21K and 37K CMPs 
are ej^ressed in vivo but antibodies to (MPs with similar molecular 
weights reportedly are present in sera from e^qaerimentally infected 
turkeys (21). 
Expression of certain (MPs (3, 14, 33, 35, 39, 47) and other 
virulence-associated factors (40, 47) of B. pertussis is affected by two 
forms of regulation, antigenic modulation and phase variation. 
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Antigenic modulation is a coordinate, reversible phenotypic change seen 
when B. pertussis is grown in media containing certain ions and 
nutrients or at lower tenperatures (28). Phase variation results in 
similar phenotypic changes but is due to a metastable frameshift 
mutation in the bvg or vir locus (46, 47). The bvg locus encodes 
proteins which sense environmental stimuli and coordinately regulate 
transcription of the virulence-associated genes including certain OMP 
genes of B. pertussis (1). Similar bvg loci have been demonstrated in 
B. bronchiseptica and B. parapertussis (18) but it is not known if a 
similar system exists in B. avium. Production of the dermonecrotic 
toxin of B. avium was reduced by growth in media containing 20 nM MgSO^ 
or 500 ug of nicotinic acid per ml, two nutrients that cause phenotypic 
modulation in B. pertussis (16). Growth at a reduced tenperature 
decreased hemagglutination and reduced expression of mary OMPs (22); 
Recently, spontaneous phase variants of B. avium were isolated which did 
not express the dermonecrotic toxin and four OMPs (15). We have 
demonstrated variable expression of at least 10 B. avium CMPs caused by 
growth in different media. Expression of the 22K, 24K, and 56K OMPs was 
reduced vAien strain 75 was grown under modulating conditions (i.e., in 
media containing ^ ^S0^ or nicotinic acid). This indicates control of 
ejcpression of certain B. avium OMPs could be similar to that in other 
members of the genus Bordetella and provides more evidence that a 
coordinately-regulated system related to the bvg system might be present 
in B. avium. 
The major 37K CMP of B. avium shares certain characteristics with 
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the major 40K CMP of B. pertussis which functions as an anion-selective 
porin (4). The proteins had similar mobility in SDS-PAGE and the 37K 
and 40K proteins were the most prominent bands in Sarkosyl-insoluble OMP 
profiles from B. avium and B. pertussis, respectively. The 40K protein 
has been shewn to be constitutively expressed in several B. pertussis 
strains grown on different media and in phenotypically-modulated and 
avirulent-phase cells (3, 14). Further characterization by several 
investigators has shown that the 40K protein is exposed to surface-
radioiodination (2, 3, 35), is heat-modifiable, is not affected by the 
reducing agent 2-ME, and is noncovalently associated with the 
peptidoglycan layer (2). Though we have shown that the 37K CM> of B. 
avium possesses these characteristics, we have not attenpted to directly 
conpare the two OMPs and more work is needed to determine the structure 
and function of the major 37K OMP of B. avium and its relationship with 
the 40K porin protein of B. pertussis, if any. 
We have characterized the proteins in the outer membrane of B. 
avium and have conpared them with CMPs from other Bordetella spp. It is 
likely that many of the OMPs of B. avium described are in fact true OMPs 
because they share characteristics with OMPs of other gram-negative 
bacteria such as Sarkosyl-insolubility, surface-exposure to 
radioiodination, heat-modifiability, and noncovalent association with 
the peptidoglycan layer. More work is needed to further characterize 
the ŒPs of B. avium and their involvement in the pathogenesis of turkey 
bordetellosis. We have shewn that expression of certain OMPs depends on 
in vitro grcwth conditions. It is essential that the differences in ŒP 
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ej^ression be taken into consideration in further experimental studies 
and in vaccine production because antigenicity of the organism may be 
affected by these changes. 
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SECriCar II. CHARACTERIZATim OF THE 21-KILODALTaM OUTER MEMBRANE 
PROTEIN OF BORDBTEUA AVIUM 
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SUMMARY 
The amino acid composition and amino-terminal sequence of the major 
21,000-molecular-wei^t outer membrane protein of Bordetella avium were 
determined. Proteins from a Sarkosyl-insoluble outer membrane protein-
enriched fraction were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electroblotted onto a 
polyvinylidene difluoride membrane. The membrane was stained for 
protein visualization and a band containing the major outer membrane 
protein was excised and used for amino acid analysis and amino-terminal 
sequencing. Aspartic acid and asparagine, glutamic acid and glutamine, 
and alanine were the most prevalent amino acids in the protein. A 
limited amino-terminal sequence of QTVDN was obtained. Protein 
instability or partial blockage of the amino-terminal residue limited 
sequence determination to five amino acids. 
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INTRODUCriŒ 
Bordetella avium causes turkey bordetellosis, an upper respiratory 
disease in poults which is characterized by oculonasal discharge, 
sneezing, reduced weight gain, tracheal collapse, and death in severe 
cases (1, 6, 19, 20, 22). Like other members of the genus Bordetella, 
B. avium exhibits a trqpism for the respiratory tract epithelium (1, 2). 
Bacteria have been shown to be present on the tracheal mucosa in 
microcolonies which are in intimate contact with the ciliated 
epithelium. Colonization results in inflammation with loss of 
epithelium and distortion of mucosa and tracheal rings. Because of the 
direct interaction of the bacterial surface with epithelial and immune 
cells of the host, surface structures of B. avium might play an 
important role in colonization of the trachea and subsequent immunity. 
The cell surface of B. avium appears typical for gram-negative 
bacteria. Proteinaceous surface appendages include peritrichous 
flagella and fimbriae (pili) (11, 13). A hemagglutinin is present in 
virulent strains (12, 21) and, along with the fimbriae, may be involved 
in adherence to respiratory epithelium (4, 11). Outer membrane proteins 
(OMPs ) of B. avium have been examined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The OMP profiles from 
all isolates are similar and possess two major protein bands with 
approximate molecular weights of 21,000 and 37,000 (21K and 37K 
proteins) and numerous minor proteins (8, 15). The humoral immune 
response to the (MPs has been characterized in experimentally infected 
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turkeys (3, 7). Using Western immundblot analysis, Hellwig and Arp have 
shewn that antibodies in sera and tracheal washings from turkeys with 
bordetellosis recognized at least eight antigens in an OMP-enriched 
extract of B. avium (7). Antibody reactivity was especially intense to 
the major 21K CMP in both sera and tracheal washings. 
Because the 21K OMP of B. avium has been shown to elicit a strong 
local and systemic humoral immune response in e^çierimentally infected 
turkeys, further characterization of the protein may help in 
understanding the pathogenesis of bordetellosis. In this paper, we 
describe the initial chemical characterization of the major 21K protein 
of B. avium. The protein was purified by SDS-PAGE and used for 
determination of the amino acid conçosition and the amino-terminal amino 
acid sequence. 
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I4ATERIALS AND METHODS 
Bacterial Strain 
Bordetella avium 75 was a virulent isolate originally cultured from 
a 3-week-old turkey with bordetellosis in Iowa (1). The isolate was 
maintained at -80% in a 20% glycerin/80% brain heart infusion (BHI, 
Difco Laboratories, Detroit, Mich. ) broth mixture during the course of 
the stucfy. 
Media and Growth Conditions 
Bordetella avium 75 was grown on BHI agar (HîIA) containing 1.5% 
agar (BiTek agar, Difco) at 37% for 36 h, transferred to BHIA or Hîl 
broth (BHIB) and incubated at 37°C for 36 h. The BHIB was incubated at 
210 rpm in a shaking incubator (model G25-KC; New Brunswick Scientific 
Co., Inc., Edison, N. J.). Strain 75 was also grown on Bordet-Gengou 
agar (Difco) containing 15% defibrinated sheep blood and 1% glycerol 
(EGA) for 36 h at 37°c. Bacteria were harvested from plates in 10 irM 
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid; pH 7.4) 
buffer (Sigma Chemical Co., St. Louis, Mo. ) or from broth and collected 
by centrifugation at 10,000 x g for 20 min. The bacteria were washed 
twice in 10 mM HEPES (jii 7.4) buffer and approximately 1.5 gm (wet 
weight) of cells were suspended in 15 ml of buffer and stored at -80°c. 
The cells were used within two weeks for isolation of CMPs. 
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OMP Preparation 
The OMP-enriched fractions were prepared by a modification of the 
procedure of Hellwig and Arp (7). Briefly, the cells were thawed and 
the protease inhibitor phenylmethylsulfonyl fluoride {EMSF; Sigma) was 
added to a final concentration of 0.1 itM. The cells were disrupted ty a 
sonicator (model 350; Branson Sonic Power Co., Danbury, Conn. ) for 10, 
one minute bursts (50% cycle, power setting 7) while cooling in an ice 
water bath. Whole cells and large debris were removed by centrifugation 
at 5,000 X cf for 20 min and the total membrane fraction was collected 
from the supernatant centrifugation at 100,000 x g for 60 min at 4%. 
The membrane fraction was suspended in 1% (wt/vol) Sarkosyl (sodium 
lauryl sarcosine; International Biotechnologies, Inc., New Haven, Conn.) 
in 10 irM HEPES (pH 7.4) buffer containing 0.1 itM PMSF for 30 min at room 
tenperature. The detergent-insoluble material containing the OMP-
enriched fraction was collected ty centrifugation at 100,000 x g for 60 
min at 4%, suspended in deionized water to a concentration of 8.0 mg of 
protein per ml, and stored at -80%. The protein concentration was 
determined by the bicinchoninic acid assay (18; Pierce Chemical Conpany, 
Rockford, 111.) using bovine serum albumin as a standard. 
SDS-PAGE 
A modified Laemmli (14) procedure was used to separate the 
detergent-insoluble proteins. Electrophoresis was carried out on a 
discontinuous gel consisting of a 4% stacking gel and a 6 to 20% 
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gradient resolving gel in a 16 cm vertical slab apparatus (Protean II; 
Bio-Rad Laboratories, Richmond, Calif.) following the procedure in the 
suppliers catalog. Proteins were solubilized in sanple buffer 
containing 2% SDS, 5% 2-mercaptoethanol, 20% glycerol, 0.001% 
bromophenol blue, and 0.0625 M Tris hydrochloride (pH 6.8) at 100°C for 
5 min. The gel was loaded with 10 ug of protein per lane and 
electrophoresis was carried out at constant current of 25 mA through the 
stacking gel and 35 mA until the dye front was approximately 1 cm from 
the bottom of the gel. Molecular size standards described in Figure 1 
were used (Life Technologies, Inc., Gaithersburg, Md. ). The gel was 
stained with Coomassie brilliant blue R250 for visualization of the 
bands. 
Amino Acid Analysis and Microsequencing 
The Sarkosyl-insoluble C*4P-enriched preparation from strain 75 (150 
ug of protein per lane) grown in BHIB was separated ly SDS-PAGE using a 
6 to 20% gradient gel as described above. Following electrophoresis the 
gel was soaked in transfer buffer containing lOmM GAPS (3-
[cyclohe3cylamino]-l-propanesulfonic acid; jil 11.0) (Sigma) in 10% 
methanol for 15 rain (17). The proteins were transferred to a 
polyvinylidene difluoride (PVDF) membrane (Immobilon; Millipore 
Corporation, Bedford Ma. ) in a transblot cell (Bio-Rad) at 600 mA for 2 
h. The PVDF membrane was washed in deionized water for 5 min, stained 
with 0.1% Coomassie brilliant blue R250 in 50% methanol for 5 min, and 
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destained in 50% methanol, 10% acetic acid for 10 min. The membrane was 
washed with deionized water for 10 min, air-dried, and stored at -20°C 
until used for amino acid analysis and protein sequencing. 
The band containing the 21K OMP was excised and the protein was 
directly hydrolyzed on the PVDF membrane in 6 N IKl at 150°C for 1 h 
under vacuum. The membrane was placed on a derivatizer (model 420A; 
Applied Biosystems, Inc.) and the phenylthiocarbanyl-amino acids were 
separated on a C-18 reverse-phase high-performance liquid chromatography 
column. The phenylthiocarbanyl chromophore was detected at 254 nm. 
A second band ccaitaining approximately 20 ug of the 21K protein was 
excised from the electroblotted PVDF membrane. The amino-terminal 
sequence of the 21K protein was determined from this sample using a 
peptide sequencer (model 477A; Applied Biosystems) coupled to an amino 
acid analyzer (model 120A; J^lied Biosystems). 
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RESULTS 
SDS-PAGE 
The Sarkosyl-insoluble (DMP-enriched fractions from B. avium strain 
75 grown on BHIA, BHIB, and BGA were examined by SDS-PAGE. Major 21K 
and 37K bands as well as at least 11 less-intensely stained bands were 
observed on the Coomassie blue-stained gel (Figure 1). The OMP profile 
from cells grown on BGA contained a prominent 22K band that was not 
completely resolved from the 21K band (Figure 1, lane D). The 22K band 
was observed at lew levels in BHIA-grcwn cells when the lane was 
overloaded with protein (data not shewn) but was not seen in.profiles 
isolated from cells grown in BHIB. Because of the difficulty in 
resolving the 21K and 22K proteins in a single-dimension gel, OMP 
preparations containing no observable 22K protein were isolated from 
cells grown on BHIB and used for amino acid analysis and amino-terminal 
sequencing. 
Amino Acid Analysis 
Amino acid analysis of the 21K OMP from B. avium 75 indicated that 
aspartic acid and asparagine (13.2%), glutamic acid and glutamine 
(10.0%), and alanine (11.4%) were the most prevalent amino acids (Table 
1). Other amino acids present included; serine, glycine, arginine, 
threonine, proline, tyrosine, valine, isoleucine, leucine, 
phenylalanine, and lysine. Analysis indicated a trace of cysteine was 
Figure 1. SDS-PAGE of Sarkosyl-insoluble Cï-IP-enriched fractions 
prepared from B. avium 75. OMP-enriched fractions from 
strain 75 grown the following nedia: lane B, BHIA; lane C, 
BHIB; lane D, BGA. Ten micrograms of protein was applied to 
each lane. The arrow indicates the 21K ŒP. Lane A, 
molecular size standards. Molecular size standards shown in 
kilodaltons: myosin (H-chain)(200); phosphorylase B (97.4); 
bovine serum albumin (68); ovalbumin (43); carbonic arihydrase 
(29); B-lactoglobulin (18.4); lysozyme (14.3). 
A B C D 
200 
974 
68 
43 
29 
18.4 
14.3 
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Table 1. Amino acid conçosition of the 21K CMP of Bordetella avium 75 
Amino acid Number of residues 
per mol of 21K protein^ 
mol% 
Aspartic acid and asparagine 25 13.2 
Glutamic acid and glutamine 19 10.0 
Serine 8 3.9 
Glycine 16 8.7 
Arginine 15 7.9 
Threonine 12 6.4 
Alanine 22 11.4 
Proline 11 5.6 
Tyrosine 5 2.4 
Valine 13. 7.1 
Cysteine 0.3 
Isoleucine 11 5.7 
Leucine 10 5.3 
Phenylalanine 6 3.3 
Lysine 15 7.9 
Estimated number of residues using the ratio of amino acids 
determined amino acid analysis and based on a protein molecular 
weight of 21,000. Results are rounded to the nearest whole number. 
Hrot determinable. 
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present in the 21K protein while the amino acids histidine and 
methionine were not detected. No atteirpt was made to quantitate the 
tryptophan and cysteine residues. 
Amino-terminal Sequence 
The amino-terminal sequence of the 21K OMP was determined. The 
first cycle released a glutamine but in the following cycles the 
background increased rapidly making further sequence determination 
difficult. The sequence of the first five amino acids of the amino 
terminus was QTVDN. No amino acids could be assigned to the sixth and 
seventh cycles but asparagine was released by the ei^th cycle. After 
eight cycles the sequence could no longer be determined due to 
background. The amino-terminal sequence analysis was repeated on a 
second sanple of the 21K CMP isolated from a fresh batch of BHIB-grown 
cells but the result was identical. 
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Discussicasr 
We have reported on initial chemical characterization of the major 
21K OMP of B. avium strain 75. A major protein with an identical 
molecular weight is present in OMP profiles from all B. avium isolates 
examined (15); however, it is not known if the 21K OMPs of all B. avium 
isolates are the same. 
Results from amino acid analysis of the 21K OMP are shown in Table 
1. No unusual characteristics were noted in the amino acid composition 
of the protein. The relatively polar nature of the 21K protein is 
typical of certain OMPs from other gram-negative bacteria (16). Amino 
acid analysis indicated a trace of cysteine was present but this amino 
acid is extremely susceptible to oxidation on the PVDF membrane during 
acid hydrolysis and the exact number of residues can not be determined 
using this method (23). The presence of cysteine in the 21K protein 
indicates disulfide bonds might exist in the natural protein. Previous 
work, however, has demonstrated that the reducing agent 2-
mercaptoethanol has no effect cxi migration of the 21K protein in SDS-
PAGE which indicates that intrachain disulfide bonds might not be 
present (15). The amount of tryptophan in the protein was not 
determined because the acid used for hydrolysis destroys the indole ring 
and makes quantitation of this amino acid inpossible (23). 
Attempts to determine the amino-terminal sequence of the 21K 
protein were not as successful as hoped. The sequence of the first five 
residues was determined but background increased rapidly during each 
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cycle and prevented further amino acid identification except for the 
eighth residue. The increased background observed could be caused by 
slew breakdown of the polypeptide in the sequencer or temporary blockage 
of the amino-terminal end. Inglis has reported that cleavage of the 
peptide chain can occur at aspartic acid in the presence of dilute acids 
(10). Aspartic acid is a common amino acid in the 21K OMP and 
sequencing has indicated that the amino acid is present in the amino-
terminal region of the protein. The prevalence of aspartic acid may 
make the protein particularly susceptible to hydrolysis in the presence 
of the trifluoroacetic acid used in the sequenator. Blockage of the 
amino-terminal amino acid can occur during electrophoresis (9). If 
blockage was temporary and was slcwly removed during sequencing, this 
could contribute to increased background and prevent further sequence 
determination. 
It is clear that more work needs to be done to further characterize 
the 21K OMP. Gentry-Weeks et al. have recently reported on the cloning 
of a 21K OMP of B. avium strain 197 and expression of the recombinant 
protein in Escherichia coli and Salmonella typhimurium (5). It is not 
known if the two proteins are the same but comparison of the amino acid 
sequence derived from the nucleotide sequence of the gene with the 
amino-terminal sequence of the 21K protein should make comparison of the 
proteins possible. 
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GENERAL SUMMARY AND DISCUSSIŒ 
During early phases of the investigation involving characterization 
of the 21,000-niolecular-weight outer membrane protein (21K CMP), it 
became apparent that information regarding the CMPs of Bordetella avium 
was limited and a better understanding of these proteins was needed 
before the research could continue. In the first stu<fy presented in 
this dissertaticxi, an attempt was made to "lay the groundwork" for 
further research involving B. avium OMPs. Sarkosyl-insoluble CMP-
enriched fractions from numerous isolates were examined by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
conpared to CM* profiles from other members of the genus Bordetella. 
The B. avium OMPs were evaluated for heat-modifiability, noncovalent 
association with the peptidoglycan layer, and surface-exposure to 
radioiodination. The effect of variations in the growth medium on the 
expression of the ŒPs of B. avium was also examined. 
The CMP profiles of 50 B. avium isolates from various 
geographically diverse areas were examined. To determine if the CMP 
profiles had changed over time, isolates obtained from turkeys at least 
six years previously and recent field isolates from turkeys with upper 
respiratory disease were included in the group. Two major bands 
representing the 21K and 37K OMPs and at least 13 less-intensely stained 
bands with molecular weights ranging from 13,500 to 143,000 were 
apparent in the OMP profiles. All profiles were very similar with only 
minor differences between certain isolates. These results are not 
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surprising since phenotypic and genotypic studies have shown that B. 
avium isolates form a relatively homogeneous species (65, 77). However, 
homogeneity of the CMP profiles does not insure that the isolates are 
the same antigenically because in a related organism, B. pertussis, 
strains from different serotypes have very similar OMP profiles (6). 
Bordetella avium isolates have been shown to possess both common surface 
antigens and type-specific antigens (77) ; however, the relationship of 
these antigens with the OMPs is not known. 
Certain OMPs of B. avium were heat-modifiable, that is, the 
proteins had Icwer apparent moleculeir weights when the solubilization 
temperature was increased prior to electrophoresis. Heat-modifiability 
of CMPs is frequently observed in other bacteria and is characteristic 
of certain classes of OMPs (5, 17, 90, 108). Protein heat-modifiability 
can result from strong intramolecular interactions or noncovalent 
interactions with other proteins in the outer membrane or with the 
underlying peptidoglycan layer. The interactions can prevent the 
complete solubilization and denaturation of certain OMPs at low 
solubilization temperatures (90). The major 21K and 37K CMPs of B. 
avium were heat-modifiable and were noncovalently associated with the 
peptidoglycan. Two other OMPs, the 27K and 31K proteins, exhibited 
similar characteristics but required extended solubilization times at 
100°c to be totally converted to the heat-modified form. 
Exposure of B. avium proteins on the cell surface was determined by 
radiolabeling whole cells with followed by SDS-PAGE. The surface-
labeled proteins were compared to radioiodinated outer mtemOarane 
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preparations and of the 13 bands present in profiles from labeled whole 
cells, eight corresponded to bands in the radiolabeled outer membranes. 
The predominant surface-labeled protein correspœded to the major 37K 
OMP. This is not surprising since the 37K protein is the most prevalent 
protein in the CMP profile. Interestingly, the major 21K OMP was poorly 
labeled by surface-radioiodination. This indicates the 21K protein is 
either not ejqxssed on the cell surface or contains no eiqposed tyrosine 
residues. As indicated by amino acid analysis, tyrosine is present in 
the 21K CM* but it is possible that the residues are inaccessible to 
radioiodination. Sarkosyl extraction of the cell envelope appears to 
expose the protein to labeling since the 21K band is prevalent in the 
labeled outer membrane preparations. The 21K G'lP appears to induce a 
particularly intense antibocty respcanse in turkeys experimentally 
infected with B. avium (60). This indicates that the 21K OMP is 
accessible to cells of the immune system and suggests that it is ejqxDsed 
on the cell surface. 
There has been some confusion regarding the relationship of 
virulent B. avium and avirulent B. avium-like organisms. Both organisms 
are frequently isolated from turkeys with upper respiratory disease (73, 
116). The organisms are phenotypically similar, with the most striking 
distinction between the two groups being the difference in virulence. 
The many differences observed in this stu(%r between the OMP profiles of 
B. avium and B. avium-like organisms support the proposal of Jackwood et 
al. that the two groups of bacteria represent different species (72). 
The B. avium OMP profile was also distinct from profiles of 
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representative isolates of B. bronchiseptica, B. pertussis, and B. 
parapertussis. 
Bordetella bronchiseptica is frequently isolated from the upper 
respiratory tract of turkeys (72, 73, 116). These organisms have been 
found to be avirulent in experimentally infected turkeys. In this 
stu(^, examination of 16 B. bronchiseptica isolates from turkeys 
indicated the bacteria form a homogeneous group based on CMP profiles. 
The OMP profile of a representative turkey isolate of B. bronchiseptica 
shared certain bands with the virulent B. bronchiseptica isolates from 
humans and swine but was most similar to the B. pertussis 536 profile. 
Expression of certain OMPs and the majority of virulence-associated 
factors in B. pertussis is affected by two related forms of coordinate 
regulation, antigenic or phenotypic modulation and phase variation (6, 
40, 82, 148). Antigenic modulâticai and phase variation also occur in B^. 
bronchiseptica and B. parapertussis (40, 68, 85, 109). Recently, both 
forms of regulation have been described in B. avium in genes encoding 
the dermonecrotic toxin and in certain CMP genes (47, 49). In this 
stu(^, expression of at least eight OMPs appeared to be affected ty 
growth of B. avium in different media. Interestingly, expression of the 
22K, 24K, and 56K ŒPs was reduced under conditions that induce 
antigenic modulation in the other Bordetella spp. This provides more 
evidence that a coordinately regulated system related to that found in 
B. pertussis, B. parapertussis, and B. bronchiseptica might be present 
in B. avium. 
In the second study, the 21K OMP of B. avium was partially purified 
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by SDS-PAGE and the amino acid conposition and amino-terminal amino acid 
sequence was determined. No unusual characteristics were noted in the 
amino acid composition of the 21K CMP. The relatively polar nature of 
the protein is typical of many CMPs of other gram-negative bacteria 
(90). 
Repeated attenpts to determine the amino-terminal amino acid 
sequence met with limited success. The rapid increase in background 
during each cycle restricted amino acid identification to the first five 
and the ei^th residues. Recently, Gentry-Weeks et al. have reported 
the cloning of a 21K (MP gene of B. avium and e^^ression of the 
recombinant protein in Escherichia coli and Salmonella typhimurium (48). 
It is not known if this protein is the sane as the major 21K OMP 
examined in this stucty but conparison of the amino acid sequence derived 
from the nucleotide sequence of the cloned gene with the amino-terminal 
sequence of the 21K CMP reported in this study should help to determine 
if the proteins are the same. 
It is likely that many of the B. avium OMPs described in this study 
are in fact true OMPs because they share characteristics with (MPs of 
other bacteria such as Sarkosyl-insolubility, heat-modifiability, cell 
surface-ej^sure, and noncovalent association with the peptidoglycan 
layer. Because proteins make up nearly half of the total mass of the 
outer membrane, they are an important component of the interface between 
the bacterium and its surrourrfing environment. (Characterization of the 
(MPs of B. avium should lead to a better understanding of the 
pathogenesis of turkey bordetellosis but more work is needed to further 
90 
evaluate the role that CMPs play in virulence. The demonstration that 
modulation of expression of certain CMP genes might occur in B. avium 
has inçortant implications for future research. Further 
characterization of the regulatory system of B. avium should be aided by 
its apparent similarity with the coordinate regulatory systems in the 
other members of the genus Bordetella. 
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